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In vitro cultureControling embryonic stem cell fate in vitro has been a major challenge in the past decade. Several protocols
have been developed to obtain neural crest derivatives in culture, using more or less deﬁned conditions. Here,
we present various strategies used to date to obtain neural crest speciﬁcation and the markers that can be
used to identify human neural crest cells.
© 2012 Elsevier Inc. All rights reserved.Introduction
Neurocristopathies are a major group of human congenital disor-
ders caused by neural crest developmental deﬁciencies. To better un-
derstand the etiology of these pathologies and perhaps identify
targets for therapeutic intervention, it is critical to understand the
detailed mechanisms of neural crest speciﬁcation, migration and dif-
ferentiation in human embryos. For obvious reasons, neural crest de-
velopment has been difﬁcult to study in human embryos. Access to
gastrula stage embryos is extremely limited, and their experimental
manipulation almost impossible. Nevertheless, neural crest marker
expression patterns have been studied at various developmental
stages, and a transcriptome analysis has been performed of cultured
neural crest cells that migrated from explanted neural tubes of from
human embryos (Betters et al., 2010; Thomas et al., 2008). However,
no study in human embryos to date has related the earliest events
occurring during gastrulation and at the onset of neurulation at the
neural border, that lead to neural crest induction.
In the last few years, major efforts have been made to use human
stem cells to bypass the difﬁculties linked to working on the human
embryo. The knowledge accumulated by embryologists working on
various vertebrate model organisms has allowed development of
several strategies to manipulate cell fate choices from stem cells
grown in vitro. These new in vitro cellular models have provided in-
sights into the steps underlying determination and differentiation
of diverse neural crest cell lineages. In particular, a number of studies
have described protocols to derive neural crest-like cells fromBatiment 110, Centre Universi-
(A.H. Monsoro-Burq).
rights reserved.human Embryonic Stem Cells (hESC). This review summarizes the
various strategies and markers used to study neural crest formation
from human embryonic stem cells and reprogrammed pluripotent
stem cells (human induced pluripotent stem cells, hiPSCs).
Induction protocols
hESCs can be induced to form mixed neural precursor popula-
tions, including central nervous system (CNS) progenitors and neu-
ral crest (NC) cells. To identify neural crest cells in vitro, known
neural crest markers expression have been assessed either by
immunostaining or by RT-PCR. These markers have been previously
validated in other model organisms (Table 1). Most of these genes
are expressed in neural crest cells of several vertebrate species
(e.g. lamprey, frog, chick, ﬁsh, and mouse), and to date, some have
been found in human neural crest cells as well (NCAM, P75NTR,
PAX7, SOX10, FOXD3, MSX-1, PAX3, SOX9) (Betters et al., 2010;
Thomas et al., 2008). However, some of these markers, albeit widely
used to mark potential hESC-derived neural crest cells, may need to
be better characterized in human embryos. For example, the HNK1
carbohydrate epitope is a good marker for migrating neural crest
cells in chick embryos (Tucker et al., 1984). However, in human em-
bryos, HNK1 co-localizes with SOX10 only in a few migratory neural
crest cells, whereas the neural crest population generally appears to
be HNK1-negative (Betters et al., 2010).
Thus far, many studies have been directed toward obtaining CNS
progenitors speciﬁcation and patterning. Recently, however, there
has been increased interest in promoting hESCs to differentiate
into neural crest and/or their derivatives. In both cases, the neural
induction of hESCs and the generation of neural crest derivatives
can be achieved by several more or less controlled protocols.
Table 1
List of Neural Crest markers used in hESC-derived neural crest. Gene expression of various neural crest markers was assessed by immuno-staining or RT-PCR in hESCs-derived neu-
ral crest. The pertinence of these genes as neural crest markers is supported by their expression in neural crest cells in various vertebrate models.
NC markers used in
derived hESCs
Immuno-
staining
RT-
PCR
hESCs references NC expression
described invarious
embryo models
Embryo references
AP2 + + Chambers et al., 2009; Goldstein et al., 2010; Jiang et
al., 2009; Lee et al., 2007, 2010; Pomp et al., 2005,
2008
Xenopus, Chick, Mouse,
Lamprey, Human
Luo et al., 2003; Mitchell et al., 1991; Nikitina et al.,
2008; Sauka-Spengler et al., 2007; Shen et al., 1997;
Thomas et al., 2008
Brn3a (POU4F1) + + Curchoe et al., 2010; Goldstein et al., 2010; Jiang et
al., 2009; Lee et al., 2007, 2010; Pomp et al., 2005,
2008
Mouse, Chick Fedtsova and Turner, 1995; Lindeberg et al., 1997
Cadherin-11 + Zhou and Snead, 2008 Xenopus, Chick, Mouse Chalpe et al., 2010; Kimura et al., 1995; Vallin et al.,
1998
Frizzled-3 + Zhou and Snead, 2008 Xenopus Deardorff et al., 2001
HNK-1 epitope + + Chambers et al., 2009; Curchoe et al., 2010;
Goldstein et al., 2010; Jiang et al., 2009; Lee et al.,
2007, 2010
Chick, Dog, Pig, Human Tucker et al., 1984, 1988
NCAM + Goldstein et al., 2010; Jiang et al., 2009; Pomp et al.,
2005, 2008
Xenopus, Chick,
Mouse, Human
Balak et al., 1987; Moase and Trasler, 1991; Thiery et
al., 1982; Thomas et al., 2008
p75NTR (NGFR) + + Chambers et al., 2009; Colleoni et al., 2010; Curchoe
et al., 2010; Goldstein et al., 2010; Jiang et al., 2009;
Lee et al., 2007, 2010; Pomp et al., 2005
Chick, Mouse, Human Heuer et al., 1990; Thomas et al., 2008; Wilson et al.,
2004
PAX7 + Chambers et al., 2009; Colleoni et al., 2010 Xenopus, Chick, Mouse,
Lamprey, Human
Basch et al., 2006; Jostes et al., 1990; Maczkowiak et al.,
2010; Mansouri et al., 1996; Nikitina et al., 2008;
Sauka-Spengler et al., 2007; Thomas et al., 2008
Sox10 + + Colleoni et al., 2010; Curchoe et al., 2010; Jiang et al.,
2009
Xenopus, Chick, Mouse,
Lamprey, Human
Aoki et al., 2003; Betters et al., 2010; Cheng et al., 2000;
Honore et al., 2003; Kuhlbrodt et al., 1998; Sauka-
Spengler et al., 2007
dHAND + Pomp et al., 2005 Xenopus, Zebraﬁsh,
Chick, Mouse
Angelo et al., 2000; Srivastava et al., 1995
FoxD3 + Colleoni et al., 2010; Goldstein et al., 2010; Pomp et
al., 2005, 2008
Xenopus, Chick, Mouse,
Lamprey, Human
Dottori et al., 2001; Kos et al., 2001; Sasai et al., 2001;
Sauka-Spengler et al., 2007; Thomas et al., 2008
Msx-1 + Goldstein et al., 2010; Jiang et al., 2009; Pomp et al.,
2005, 2008
Xenopus, Chick, Mouse,
Lamprey, Human
Hill et al., 1989; Nikitina et al., 2008; Sauka-Spengler et
al., 2007; Suzuki et al., 1991, 1997; Thomas et al., 2008
Pax3 + Goldstein et al., 2010; Jiang et al., 2009; Lee et al.,
2007; Pomp et al., 2008
Xenopus, Chick, Mouse,
Lamprey, Human
Bang et al., 1999; Betters et al., 2010; Goulding et al.,
1991; Matsunaga et al., 2001; Nikitina et al., 2008;
Sauka-Spengler et al., 2007; Thomas et al., 2008
Snail1 + Goldstein et al., 2010; Jiang et al., 2009; Lee et al.,
2007; Pomp et al., 2005, 2008
Xenopus, Chick,
Mouse, Lamprey
Essex et al., 1993; Marin and Nieto, 2004; Sauka-
Spengler et al., 2007; Smith et al., 1992
Sox9 + Goldstein et al., 2010; Jiang et al., 2009; Pomp et al.,
2005, 2008
Xenopus, Chick, Mouse,
Lamprey, Human
Barrionuevo et al., 2008; Betters et al., 2010; Cheung
and Briscoe, 2003; Saint-Germain et al., 2004; Sauka-
Spengler et al., 2007; Thomas et al., 2008
Trkc + Jiang et al., 2009; Pomp et al., 2005 Chick, Mouse Donovan et al., 1996; Kahane and Kalcheim, 1994
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lished studies on neural crest derivation from hESCs (“Stromal-
Derived Inducing Activity (SDIA)-derived” protocols) (Jiang et al.,
2009; Pomp et al., 2005, 2008). The major drawback of this method
is that the culture conditions are not deﬁned. Furthermore, these dif-
ferentiation protocols are quite long and yield rather few neural crest
cells. To improve the yields, these protocols have been combined with
neurospheres generation (Brokhman et al., 2008; Pomp et al., 2008),
FACS sorting (Fig. 1A; Jiang et al., 2009), and adding developmental
cues such as Noggin, a BMP antagonist, in the culture medium
(Brokhman et al., 2008).
Other neural induction protocols using stromal cells have been
used to generate CNS and peripheral nervous system derivatives
from neural rosettes (Fig. 1B, Elkabetz et al., 2008; Lee et al., 2007).
These epithelial structures are an in vitro equivalent of the neural
plate in embryos. Indeed, they are able to respond to similar induc-
tive signals as neural plate cells do in vivo; they recapitulate early
neural markers expression; and they form CNS and neural crest-
like cells in vitro.
Recently, two deﬁned culture conditions have been described,
allowing CNS and neural crest induction from hESCs or hiPSCs, without
a feeder layer. Generation of neural rosettes was achieved using a “dou-
ble SMAD inhibition” protocol with the BMP-antagonist Noggin com-
bined to the Lefty/Activin/TGFβ inhibitor SB431542 (Fig. 1C, Chambers
et al., 2009). These rosettes can differentiate into both CNS and neural
crest derivatives. A second protocol uses a combination of two other de-
velopmentally relevant secreted inducers, FGF and EGF, together withthe generation of neurospheres. This protocol also allows an efﬁcient
derivation of CNS and neural crest derivatives from hESCs (Fig. 1D,
Cimadamore et al., 2011; Curchoe et al., 2010).
The ability to generate neural crest cells by these protocols was
conﬁrmed by the in vitro terminal differentiation of many different
neural crest derivatives: peripheral nervous system-like neurons,
glial cells, myoﬁbroblasts, chondrocytes, osteocytes, melanocytes
and adipocytes (Chimge and Bayarsaihan, 2010). Furthermore, graft-
ing experiments into chick host embryos have demonstrated that the
neural crest-like cells obtained in vitro migrate appropriately in em-
bryos in vivo, and differentiate into neurons and myoﬁbroblasts
(Jiang et al., 2009). The hECSs-derived neural crest can also colonize
a lesioned adult rat striatum (a Parkinson's disease model) and differ-
entiate into dopaminergic neurons (Colleoni et al., 2010).
Stem cells studies allow understanding of human neural
crest formation
All of these protocols generate neural crest progenitors, CNS and
neural crest derivatives from hESCs and hiPSCs using various culture
conditions. The protocol allowing neural crest formation through
neurosphere formation (Fig. 1D) has already been used to identify
novel regulators of neural crest development. Indeed, CHD7, a gene
encoding an ATP-dependent chromatin remodeler, is mutated in the
CHARGE syndrome, a rare neurocristopathy. Through loss-of-
function experiments using lentiviral delivery of shRNAs, it has been
established, that CHD7 is essential for neural crest speciﬁcation, as
AB
C
D
Fig. 1. Schematic representation of protocols used to derive neural crest from hESCs. Average duration of induction protocols is indicated (days). (A) Stromal-Derived Inducing
Activity-derived protocol (SDIA) allows neural induction of hESCs by co-culture with stromal cells. FACS sorting can be used to compensate the poor neural crest cell yields and
select neural crest cells. (B) Stromal cells are used to promote neural rosette formation (an in vitro neural plate stage equivalent) in the Neural rosette-derived protocol. To com-
pensate for the poor yields of neural crest generation, FACS sorting can be used and select the neural crest cells. (C) The Double SMAD inhibition protocol allows fully controlled
culture conditions devoid of stromal cells to neuralize hESC and obtain neural crest cells. (D) Generating neurospheres in an FGF/EGF supplemented medium, in a stromal cells-
free context, allows efﬁcient and controlled derivation of neural crest cells from hESCs.
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cells and there were effects on migration in vitro (Bajpai et al., 2010).
CHD7 role in neural crest development was further conﬁrmed in vivo,
using Xenopus embryos, showing the evolutionary conserved function
of this gene. Similar approaches have established a crucial role for SOX2
in human neural crest epithelial-to-mesenchymal transition (EMT), mi-
gration and subsequent neurogenesis (Cimadamore et al., 2011).
Furthermore, these approaches will be useful for modeling human
pathologies related to neural crest defects in vitro, and designing ther-
apeutical strategies. A ﬁrst example is provided in a study using
hiPSCs derived from Familial Dysautomia (FD) patients, a pathology
characterized by the degeneration of sensory and autonomic neurons
(Lee et al., 2009). Most FD patients carry a point mutation in the IKB-
KAP gene (I-k-B kinase complex associated protein), leading to a tis-
sue speciﬁc splicing defect, resulting in reduced levels of normal
IKBKAP protein. Neural crest precursors obtained in vitro from FD
hiPSCs show low levels of normal IKBKAP transcript, defective neuro-
nal migration and differentiation. These characteristics were used to
monitor the effects of various drugs on NC-induced hiPSCs, and
have validated a compound restoring the IKBKAP splicing defect in
these cells.
These studies have opened new avenues for the functional analy-
sis of human neural crest formation, migration and differentiation.
Using hESCs/hiPSCs as in vitro models to explore the molecular basis
of neurocristopathies will also lead to develop adapted therapeutical
strategies.
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